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Abstract
Purpose The demand of PET bottles has increased rapidly
in the past decades. The purpose of this study is to
understand the environmental impact of PET recycling
system, in which used bottles are recycled into both fibre
and bottles, and to compare the recycling system with
single-use PET.
Methods Consequential LCA modelling was applied to
understand four change-oriented effects for the recycling
system. These include the effect of multiple-recycling trips,
the effect of changing the share of recycled PET pellets
used to make bottles or fibre, the effect of changing the
reference system and the effect of introducing bio-based
PET. The functional unit of the baseline case was
determined as 350 kg of bottles and 650 kg of fibre based
on the current market demand of PET. The system
boundary is cradle to grave excluding the use phase. We
applied the “system expansion” method to open-loop
recycling. The analysis compares the baseline recycling
system, where PET is recycled once, with the reference
system, where PET is not recycled. The environmental
impacts assessed are non-renewable energy use and global
warming.
Results and discussion The baseline recycling system
reduces both impacts by 20% when compared to the
reference system. Multiple-recycling trips can maximally
reduce the impacts by 26% but the additional savings are
negligible after three recycling trips. Bottle-to-fibre
recycling offers more impact reduction than bottle-to-
bottle recycling when more fibre is needed than bottles
in a functional unit. The maximal impact reduction of
25% can be achieved when all recycled PET pellets are
used to make fibre. If the functional unit is reversed, i.e.
changed to 650 kg of bottles and 350 kg of fibre, 30% of
the impact reduction can be achieved. Both impacts can
be further reduced when the quantity of the recycled PET
is maximised. The bio-based PET recycling system,
offers at least 36% impact reduction, has the lowest
impact among all systems studied. The sensitivity
analyses show that the recycled PET content in a
recycled bottle is not influential to the overall environ-
mental performance.
Conclusions All PET recycling systems in this study show
important impact reduction compared to the reference
system. The impact savings are around 20–30% depends
on the configurations of the recycling system. We conclude
that the system’s environmental impact can be optimised by
maximising the amount of recycled PET in the system and
by using bio-based polymers.
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1 Introduction
The demand of bottle-grade PET (polyethylene terephthal-
ate) has experienced two-digit growth rates in the past two
decades (Glenz 2007), making PET the most important
packaging plastic next to polyolefins (Simon and
Schnieders 2009). Meanwhile, PET recycling has become
a well-established business. Worldwide, in 2007, approxi-
mately 10% of used PET bottles were collected and
recycled into 3.6 million tonnes of PET flakes (Thiele
2009). Approximately 72% of these PET flakes were
converted into fibres, about 10% were converted into
recycled bottles and 18% into other products (e.g. sheets
and strapping tapes; Thiele 2009). It is expected that in the
future more and more used bottles will be recycled back
into bottles (Glenz 2007).
Many studies reported on the life cycle assessment
(LCA) of PET recycling. Most of these studies were
conducted in order to support the decision-making on
waste management, e.g. recycling was compared with
landfilling or incineration, or to optimise the recycling
process (Arena et al. 2003; Perugini et al. 2004; Song and
Hyun 1999; Song et al. 1999; Romero-Hernández et al.
2009). A few studies dealt with the impact of the recycled
products where cases of open-loop and/or closed-loop
recycling were analysed (Detzel et al. 2004; Shen et al.
2010; Van der Velden 2010). Despite the different goals of
these studies, all of them concluded that recycling of PET
reduces the environmental impact.
The goal of the present study is to gain further insights
into PET recycling system, in which used bottles are
recycled into both bottles and fibre, the two most important
products of virgin and recycled PET. We studied the effects
related to changes of the following four parameters in this
open-loop recycling system: (a) the number or recycling
trips, (b) the shares of recycled PET pellets used for B2B
(bottle-to-bottle) and B2F (bottle-to-fibre) recycling, (c) the
change of the market demand of bottle and fibre and (d)
PET polymer made from bio-based feedstock. The motiva-
tions of studying these effects are stated as the following:
– In the previous LCA studies on PET recycling, the
effect of multiple-recycling trips has not been dis-
cussed. The industry has grown fast and is likely to
continue in the future (Glenz 2007). It is expected that
the quantity of recycled PET will increase and the
recycled polymer can be further recycled. We therefore
formulate as our first research question: what is the
effect of multiple-recycling trips on the overall envi-
ronmental impact of PET recycling?
– The second parameter is related to the market demand
of recycled PET pellets. Currently, about seven times
more recycled PET pellets are used for recycled fibre
than for recycled bottles (Thiele 2009). If more
recycled PET pellets are available for B2B recycling,
less of them would be available for fibres. The
optimisation of B2B and B2F recycling should be
studied to understand how the environmental impact
can be minimised. The second research question of this
study is: how does the overall environmental impact
change when the share of recycled PET pellets used for
B2F and for B2B recycling changes?
– Worldwide, in 2005, approximately 65% of the PET
polymer was used to produce fibre and 30% was used
to produce bottles (Glenz 2007).1 In contrast, in
Europe, only about 35% of PET went into the fibre
sector (Glenz 2007). It is interesting to investigate
whether the share of the market demand of bottle and
fibre influences the overall environmental impact of the
recycling system. This leads to the third research
question: how does the overall environmental impact
change when the market demands of PET bottle and
fibre change?
– The fourth parameter is related to bio-based feedstock.
Bio-based plastics have attracted much attention in the
past decades due to the concerns of limited fossil
resources and climate change. Several studies have
shown that bio-based materials have lower environ-
mental impacts than their petrochemical counterparts
(Crank et al. 2005; Hermann et al. 2007; Patel et al.
2003; Shen and Patel 2008; Patel et al. 2005). Bio-
based PET and petrochemical PET are chemically
identical. A comparative LCA of recycled PET, bio-
based virgin PET and bio-based recycled PET has not
been conducted so far. Our fourth research question is
raised: how does recycled PET compare to bio-based
virgin PET and bio-based recycled PET?
In LCA, the methodology of open-loop recycling has
been extensively discussed but only a few case studies are
available in the public domain. In our previous study (Shen
et al. 2010), three allocation methods were applied to open-
loop recycling. The three methods are the “cut-off” method,
“waste valuation” method and the “system expansion”
method. All three methods have different perspectives and
thus have different system boundaries. It was concluded
that the “system expansion” method is the preferred choice
because it implements the life-cycle thinking. In the present
study, all four research questions are related to the effect of
increased recycling in different forms. Therefore, we follow
the principle of consequential LCA and apply the “system
expansion” method. The details of the model are presented
in Section 2. The environmental impacts analysed are non-
1 The remaining 5% is used for other applications such as films and
injection moulded products (Glenz 2007).
Int J Life Cycle Assess (2011) 16:522–536 523
renewable energy use (NREU) and global warming (i.e.
impact on climate change). Section 3 shows the results. In
Section 4, the sensitivities of the key assumptions are
analysed. Section 5 concludes this study.
2 Methodology
2.1 Functional unit and system boundary
Considering that, in 2005, 65% of all virgin PET was
converted into fibres and 30% into bottles (Glenz 2007), we
defined the functional unit as 350 kg of PET bottles and
650 kg of PET fibre. Compared to the market shares, we
increased the amount of PET bottles in the functional unit
(from 30% to 35% of the total) in order to arrive at a total
output of 1000 kg.
In this study, the functionality of the virgin and recycled
products is considered to be identical. In order to meet the
regulations of food safety, the recycled PET bottle-grade
resin is produced via super-clean recycling processes
(Glenz 2007; Van der Velden 2010) and a recycled bottle
should contain at least 65% of virgin PET, even in the case
of repeated recycling trips (thus, a recycled bottle contains a
maximum of 35% of recycled PET). This ratio is the
practical maximum value because the discoloration effect is
acceptable for commercial use (Kosior 2007; Van der
Velden 2010).
Virgin PET fibre has a wider application spectrum than
recycled PET fibre. Shen et al. (2010) distinguished the
following three main differences: (1) PET fibres produced
via mechanical recycling are mainly staple fibre, while
virgin PET is converted into both staple and filament fibres;
these two products serve different applications. (2)
Recycled PET fibre cannot be used to produce microfibre.
(3) The dyeability of recycled fibre is limited. In short,
recycled PET fibre is mainly used in so-called technical
applications, while virgin PET fibre can be used in
technical applications, apparel and also high performance
applications. This should be taken into account when using
the results of this LCA.
The system boundary of this LCA is cradle to grave.
Related transportation services (i.e. bottle waste collection,
flake transportation and pellet transportation) were taken
into account. Since the research questions are related to a
system change, we applied consequential LCA modelling
(or change-oriented LCA, prospective LCA) (Guinée 2001;
Tillman 2000; European Commission 2010). Consequential
LCA is used when comparing two (or more than two)
systems to support decision-making. In the present study,
we distinguished two product systems: the reference system
and the recycling system. The reference system is a single-
use (or one-way) PET system. The use phases of PET
bottles and fibre are identical for both reference and
recycling systems and hence cancel out. Furthermore, the
amount of PET that is extruded into fibre and blow-
moulded into bottles is identical for both systems; for this
reason, the impacts related to fibre extrusion and bottle
blow-moulding cancel out and are consequently not
included in this analysis (since this is a change-oriented
analysis).
In this study, the “grave” refers to the ultimate end-of-
life of a product. This means that the material is not
recycled any further and is disposed of. Recycling is an
intermediate step between different life cycle stages (see
Fig. 1). This is different from many other LCA studies
where recycling is also considered as the “grave”. In this
study, the ultimate “grave” is assumed to be municipal solid
waste incineration (MSWI) with energy recovery. The
recovery rate is 60% in primary energy terms (see Table 2
in Section 2.3).
We assumed both virgin and recycled PET products to
be produced and disposed of in Western Europe. The
inventory data were obtained based on the average
technology level of mid- or late-2000s (see Section 2.3).
2.2 Life cycle inventory modelling
Figure 1 shows the flow diagram of the reference system
and the baseline recycling system, which will be
modified in subsequent change-oriented modelling. In
the reference system, bottles and fibres are produced
from virgin PET (V-PET) polymer and incinerated with
energy recovery. In the baseline recycling system, bottles
are produced from V-PET polymer. The recycling process
started with bottle collection. It is assumed that the used
bottles are recycled with a collection rate of 100% 2 and a
material efficiency (η) of 95% based on Shen et al.
(2010) and van der Velden (2010). Based on today’s
global material flows for recycled PET it was assumed in
the baseline recycling system that 88% of the recycled
PET (R-PET) pellets is used for B2F recycling and 12%
go to the B2B recycling.3 Since PET fibre cannot be
2 According to Thiele (2009), only 10% of the used PET was collected
worldwide in 2007. If we would include a low collection rate in the
inventory modelling, the changing effect of the recycling system
would be hardly visible, i.e. the majority of the impact would originate
from the 90% virgin PET which is not recycled. Since the goal of the
LCA is to understand the impact of PET recycling, 100% collection
rate is assumed here to be able to focus on the PET recycling system.
3 According to Thiele (2009), in 2007 worldwide 72% of the PET
flakes were used to produce fibre and 10% were used to produce
bottles. In this study we assume all available R-PET are used for B2F
and B2B recycling since fibre and bottles are the most important
applications of PET. Thus the share of R-PET used for B2F is 72/(72+
10)×100%=88%; the share of R-PET goes to B2B recycling is
1–88%=12%.
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further recycled,4 the used fibre is disposed of in a MSWI
plant with energy recovery. The R-PET pellets going to
the B2B recycling are mixed with V-PET polymer in
order to produce recycled bottles. In the current com-
mercial practice, the maximum fraction of R-PET used in
a recycled PET bottle (ϕ) is 35% (Kosior 2007; Van der
Velden 2010). In the baseline recycling system, we
assumed that the recycled bottles are not further recycled,
although in theory it is possible to carry on the
recycling.5 Here, used bottles from the second life are
sent to a MSWI plant with energy recovery and the life
cycle is completed. Figure 1 shows the baseline recycling
system and the reference system.
Since the total amount of bottles delivered by the first
life and the second life has to be 350 kg, it can be
calculated that 263 kg of bottles are delivered in the first
life and that 30 kg of recycled PET is combined with 57 kg
of virgin PET to produce 87 kg of bottles in the second life
(see Fig. 1). The amount of recycled fibre delivered in the
second life is 219 kg, which is less than the amount of fibre
required for one functional unit. Here, we apply system
expansion and make up 431 kg (=650−219) of virgin fibre
for this product system. Thus, the amounts of PET bottle
and fibre output in this recycling system are the same as
those in the reference system. In the reference system, the
total amount of incinerated post-consumer PET waste
(bottle+fibre) is 1,000 kg; while in the recycling system,
the total amount post-consumer PET waste is 263 kg less,
which is the amount of PET recycled.
Based on the baseline model, four scenarios were
constructed in order to answer the four research ques-
tions. A summary of the four scenarios is shown in
Table 1.
In Scenario 1, the effect of multiple-recycling loops was
analysed. PET bottles are assumed to be recycled multiple
times while all other parameters remain unchanged. The












4 It is difficult to obtain pure stream of PET textile waste because in
many cases PET fibres are blended with other textile fibres. Also, it is
difficult to remove various additives, e.g., dyes and finishing
chemicals, and to sort out a clean stream of PET. Furthermore, PET
fibre has a relatively high crystallinity which further restricts
mechanical recycling, although chemical recycling is possible; and it
has been done (Patagonia 2005).
5 This is not precisely in line with our earlier assumption of 100%
collection rate (see footnote 2). However, the baseline case should be
seen as the starting point of the analysis. Scenario 1 shows the analysis
of multiple recycling trips, with 100% collection rate for each loop.
Fig. 1 Product systems: the baseline recycling system and the reference system (see the modelling in Eqs. 1, 2 and 3)














X ¼ Xr þ Xm Y ¼ Yr þ Ym ð3Þ
Where:
X Total amount of bottle per functional unit.
Y Total amount of PET fibre per functional unit.
X0 Amount of V-PET bottle produced in the first life.
Xr Total amount of bottle delivered from the recycling
system, including the first-life bottles and all recycled
bottles, excluding V-PET used for bottle make-up.
Yr Total amount of fibre delivered from the recycling
system, including all recycled fibre, excluding V-PET
for fibre make-up.
Xm V-PET added to make up the bottle requirement of
one functional unit. If Xr=X, then Xm=0 (see Fig. 1).
Ym V-PET added to make up the fibre requirement of one
functional unit. If Yr=Y, then Ym=0 (see Figs. 1 and
2).
b The share of R-PET pellets used for B2B recycling; in
the baseline case b=12% (see Fig. 1).
η Material efficiency of PET bottle-to-pellet recycling;
η=95% (see Table 2).
8 Fraction of R-PET used in a recycled bottle; V-PET
required is (1−8); 8=35% (see Table 2).
n Number of recycling trips.
From Eq. 1, it can be seen that ΣXi is an infinite geometric
series. Since the value of the common ratio (b×η/8) is less
than 1,6 it is possible to calculate the finite sum provided
that i is large enough:
X1
i¼0







1 hb=φð Þ ð4Þ
In Scenario 2, the effect of using different shares of the
available R-PET pellets for making bottles was analysed. In the
baseline case, 12% of the R-PETobtained from the previous life
is used to produce bottles (i.e. b=12%); and the remaining 88%
is used to produce fibre. In this scenario, b is changed from 0%
(i.e. all R-PET pellets are used for B2F recycling) to 100% (i.e.
all R-PET pellets are used for B2B recycling). Furthermore,
the change of the environmental impact related to the change
of b is analysed for multiple-recycling trips (i.e. n>1).
In Scenario 3, the functional unit was changed into 650 kg
of bottles and 350 kg fibre (i.e. the quantities of bottle and fibre
are inversed but the total demand of PET does not change)
while other parameters remain unchanged in relation to
Scenario 2. Figure 2 shows the material flow of this scenario.
In contrast to the baseline case, V-PET is needed for bottle
make-up instead of fibre. Additionally, we also investigate
the effect of changing parameter b (i.e., b=0–100%), as well
as the effect of multiple-recycling trips (i.e. n>1) with the
new functional unit.
In Scenario 4, the effect of renewably sourced PET is
studied. We change the data for the cradle-to-factory gate
polymer production while all other parameters remain the
same as in the baseline case. In this scenario, bio-based
PET is produced from bio-based EG (ethylene glycol) and
petrochemical PTA (purified terephthalic acid); strictly
speaking we are hence studying partially bio-based PET.
Bio-based EG is produced from bio-based ethylene which
is the dehydration product of bio-based ethanol. Currently,
the two most important bio-based feedstocks of ethanol
production are sugarcane and maize.7 We assume that the
6 Take the values of b, η and 8 from Fig. 1: hb=φ ¼ 12%
95%=35%  0:33 < 1
Table 1 Four scenarios in this study







Change of the share of R-PET
pellets used for B2B recycling




n (number of recycling
trips)
1 >1 >1 >1 1
b (share of R-PET pellets
used for B2B recycling)
12% 12% 0–100% 0–100% 12%
Functional unit: Bottles/
fibre (kg)
350/650 350/650 350/650 650/350 350/650
PET polymer Petrochem. Petrochem. Petrochem. Petrochem. Bio-based ethylene and
petrochem. PTA
7 The US and Brazil are the two biggest fuel ethanol producing
countries in the world. In 2009, the sum of the fuel ethanol production
in the two countries accounted for nearly 90% of the world fuel
ethanol production (RFA 2010). Fuel ethanol is produced from maize
in the US and from sugarcane in Brazil.
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bio-based ethylene in this study is produced from 50%
maize-based ethanol and 50% sugarcane-based ethanol.
The detailed data used to calculate the impact of bio-based
PET can be found in Section 2.3. We assume petrochemical
PTA because there is no commercially available bio-based
equivalent.
2.3 Input data
The cradle-to-factory gate impact of virgin PET was
acquired from the latest eco-profiles published by Plastic-
sEurope; the data represents the average technology in
Western Europe in the late 2000s (Liebich and Giegrich
2010, see Section 3.5 for the discussion on the former
PlasticsEurope’s eco-profile). The inventory data of PET
bottle-to-pellet recycling were based on literature data, most
of which have been cross-checked with industrial experts.
Other background data, such as road transportation and grid
power generation, were obtained from the Ecoinvent
database (Version 2.0). A summary of data and assumptions
is shown in Table 2.
2.4 Environmental impact categories: NREU and global
warming
NREU is the sum of cumulative fossil energy and nuclear
energy (Frischknecht et al. 2004). Cumulative fossil energy
is a good proxy of the environmental performance of many
products (Huijbregts et al. 2006), although it is not a
suitable proxy for all impacts, especially impacts related to
land use and water use. The impact on global warming is
calculated based on the characterisation factor of global
warming potential based on IPCC guidelines with the
timeframe of 100 years (IPCC 2007). For bio-based PET,
the biogenic carbon embedded in the polymer is taken into
account as negative GHG emissions for the system cradle to
factory gate (BSI 2008). Consequently, in the “grave”
stage, the biogenic CO2 released from the combustion of
PET are added to the cradle-to-grave GHG emissions.
3 Results
3.1 The baseline case
Figure 3 shows that both NREU and global warming of the
baseline recycling system are approximately 20% lower
compared to the reference system. The impact reductions
are mainly attributed to the decrease in V-PET fibre
requirement, which is 650 kg in the reference system and
431 kg in the recycling system (see Fig. 1). The decrease of
V-PET for bottles is not as significant as for fibre. Only
30 kg (or 9%) of V-PET bottle are saved by the recycling
system. As a result, the NREU and global warming impact
Fig. 2 Product systems of Scenario 3, functional unit: 650 kg bottle+350 kg fibre
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Table 2 Summary of data used in this study
Parameters Value Unit Source
Virgin PET amorphous grade Based on PlasticsEurope (Liebich and Giegrich 2010), the NREU and GHG
emissions (100 years) of PET bottle-grade are 68.6 MJ/kg and 2.15 kg CO2 eq./
kg. Based on Boustead (2005a; 2005b), the NREU and Global warming
(100 years) of the SSP step (solid state polymerisation) are 1.96 MJ/kg and
0.10 kg CO2 eq./kg. The NREU and Global warming impact of PET amorphous




Global warming (100 years) 2.05 kg CO2 eq./kg
Transportation distance, bottle
waste collection (d1)
400 km Assumed; to be checked in the sensitivity analysis.
Energy use for bottle sorting,
compacting and baling
Negligible – Assumed based on (Shen et al. 2010; Arena et al. 2003; Detzel et al. 2004)
PET bottle-to-flake production:
Baled PET bottle waste 1,316 kg/t flake Arena et al. (2003)
Electricity 278 kWh/t flake Arena et al. (2003)
Heat (from natural gas) 2,500 MJ/t flake Arena et al. (2003)
NaOH (30%) 10 kg/t flake Arena et al. (2003)
Sulphuric acid (30%) 20 kg/t flake Arena et al. (2003) and Shen et al. (2010)
By-products (e.g. PE) 88 kg/t flake Arena et al. (2003)
Allocation factor of by-products 5% – Economic allocation (Arena et al. 2003; Shen et al. 2010)
Solid waste a 222 kg/t flake Arena et al. (2003)
Transportation distance, flake to
pellet production (d2)
400 km Assumed; to be checked in the sensitivity analysis
Pellet production
Flakes input 1,031 kg/t pellet Shen et al. (2010)
Heat (from natural gas) 252 MJ/t pellet Bhatt (2008)
Pellet extrusion 447 kWh/t pellet Kent (2008)
Material efficiency of PET (PET
bottle-to-pellet, PET flow, η)
95% Assumed based on Shen et al. (2010) and Van der Velden (2010); to be
checked in the sensitivity analysis
Fraction of R-PET pellet (ϕ) 35% Assumed based on Van der Velden (2010); to be checked in the sensitivity
analysis
MSWI plant with energy recovery:
Gross calorific value of PET 23 MJ/kg in
primary energy
terms
Ecoinvent Database Version 2.0 (Doka 2007)
Energy recovery from MSWI in
Western Europe
60% b Reimann (2006) and Personal communication with Dr. Reimann; to be
checked in the sensitivity analysis.
Bio-based PET
- Bio-based EG Chen and Patel (Forthcoming): no land use change is assumed for maize and
sugarcane production in the US and Brazil. Values reported in this table are
based on 50% maize and 50% sugarcane as the feedstock.
NREU 17 MJ/kg EG
Global warming (100 years) −0.55 c kg CO2 eq./kg
EG
- Petrochemical PTA PlasticsEurope (Liebich and Giegrich 2010)
NREU 53 MJ/kg PTA
Global warming (100 years) 1.33 kg CO2 eq./kg
PTA
- Polymerization Patel et al. (1999)
Natural gas 2.29 GJ/t PET
Electricity 101 kWh/t PET
Steam 240 kg/t PET
PTA 867 kg/t PET
EG 334 kg/t PET
Data obtained from the Ecoinvent database
version 2.0
Process names in the Ecoinvent database
Transportation by road “Transportation, >32 t lorry, EURO3/RER”
Heat from natural gas “Heat, natural gas, at industrial furnace low-NOx >100 kW/RER”
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are both reduced by only approximately 9%. Moreover, the
recycling process, which converts 263 kg of used bottles
(i.e. first-life V-PET bottles) into 250 kg of R-PET pellets,
has a minor contribution to the overall impact of the
recycling system. The NREU of the 250 kg of R-PET
pellets is about 2.4 GJ (including recycling process,
excluding the feedstock energy), which is only one-fourth
of the NREU required to produce the same amount of
V-PET pellets (excluding feedstock energy). Both systems
receive energy credits and GHG-emission penalties from
the combustion of post-consumer (PC) waste in an MSWI
with energy recovery (ER). The baseline case saves a total
amount of PC waste of 263 kg (i.e., the same amount as the
first-life V-PET bottles), which results in a lower impact on
global warming; these savings are slightly compensated by
the lower energy credits.
3.2 Scenario 1: multiple-recycling trips—effect of n
Figure 4 demonstrates that if the number of recycling trips
(n) increases, both NREU and global warming decrease
dramatically until n is equal to four. After four recycling
trips, both impacts remain constant. This pattern reflects the
property of the geometric series when the common ratio is
less than one (see Eq. 1). If the recycling would be carried
on for infinite times, the NREU and global warming would
decrease to a marginally lower value, i.e. to 39.5 GJ/functional
unit and 2.58 t CO2 eq./functional unit, representing the
maximal NREU and GHG-emission savings of 26% and
23% compared to the reference system. Four and more
cycles hence allows to increase the NREU and GHG-
emission savings by a maximum of six percentage points
compared to the baseline recycling system.
3.3 Scenario 2: change the share of R-PET pellets used
for B2B recycling—effect of b
In the baseline recycling system, 12% of the bottle waste is
used for B2B recycling (b=12%). If more R-PET pellets
are used for B2F recycling (i.e. decreasing b), the overall
impacts decrease (Fig. 5). When all R-PET pellets are used
for B2F recycling (i.e. b=0%), NREU and global warming
decrease by approximately 27% and 24% compared to the
reference case. When b is decreased to 0%, the environ-
mental impacts of the recycling system do not change with
the number of recycling trips (n; see Fig. 5), because the
first-life virgin bottles are all converted into recycled fibre
and fibre cannot be further recycled. If more R-PET pellets
are used for B2B recycling (i.e. increasing b), the overall
impacts increase (see Fig. 5). When all R-PET pellets are
used for B2B recycling (i.e. b=100%) and after four
recycling trips (i.e. n>4), the NREU and global warming
decrease only about 10% compared to the reference case.
These dependencies can be understood by breaking
down the mass balance of the system. Table 3 shows such
a breakdown for one recycling trip (n=1). When more
R-PET pellets are used for B2B recycling (i.e. with
increasing value of b), the amount of V-PET used for
first-life bottles decreases, lowering the impact of V-PET
used for first-life bottles. However, this also leads to less
recycled PET fibre. Consequently, the system requires more
V-PET for fibre make-up in order to fulfil the demand. The
Table 2 (continued)
Parameters Value Unit Source
EU grid electricity mix d “Electricity, low voltage, production [grid name], at grid/[grid name]”
NaOH “Sodium hydroxide, 50% in water, Production mix, at plant/RER”
Sulfuric acid “Sulphuric acid, liquid, at plant/RER”
Nitrogen “Nitrogen, liquid, at plant/RER”
MSWI of PET “Disposal, polyethylene, 0.4% water, to municipal incineration/CH”
a Solid waste is sent to a MSWI plant with energy recovery
b The efficiencies of electricity and heat are 10.6% and 22.3% in an average MSWI plant in Europe according to Reimann (2006). This means that
1 GJ waste yields 0.106 GJe (electricity) and 0.223 GJth (heat). These amounts of electricity and heat would be otherwise produced conventionally
with an electricity efficiency of 30% and a heat efficiency of 85% (assumed). Thus, 0.106 GJe electricity replaces 0.106/30%=0.35 GJp primary
fossil fuels and 0.223 GJth heat replaces 0.223/85%=0.26 GJp primary fossil fuels. The total primary fossil fuel that can be avoided is
0:35 GJp þ 0:26GJp ¼ 0:61GJp—this is approximately 60% of the energy content of the waste
c Bio-based carbon has been considered as negative CO2 emissions. See Section 2.4 for the method of GWP
d European electricity mix: 65% from the UCTE grid, 13% from the NORDEL grid, 9% from the CENTREL grid, 12% from the UK grid and 1%
from the Irish grid. UCET is Union for the Co-ordination of Transmission of Electricity; countries included in UCTE are Austria, Bosnia and
Herzegovina, Belgium, Switzerland, Germany, Spain, France, Greece, Croatia, Italy, Luxemburg, Macedonia, Netherlands, Portugal, Slovenia and
Serbia and Montenegro. NORDEL is Nordic countries power association, including Denmark, Norway, Finland and Sweden. CENTREL stands
for Central European power association, including Czech Republic, Hungary, Poland and Slovakia
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increase of V-PET used for fibre increases the total V-PET
requirement. As shown in Table 3, the total V-PET
requirement increases from 67% of the system’s total
material requirements when b=0%, to 91% when b=
100%. In addition, less V-PET used for first-life bottles
also leads to less recycled PET in the system, resulting in
more PC waste at the end-of-life stage.
Based on the analysis of this Scenario, we conclude that
the environmental benefit of B2F recycling is greater than
B2B recycling, when the demand of fibre is higher than the
demand of bottle. This is caused by a larger total amount of
R-PET produced in the B2F system than in the B2B
system. In other words, if the market does not require many
bottles, increasing the amount of B2B recycling does not
bring additional environmental benefits. In Scenario 3, we
will further discuss the change of the environmental impact
based on a different market demand.
3.4 Scenario 3: change the demand of PET fibre and bottle
(functional unit=650 kg bottle and 350 kg fibre)
As explained earlier, the functional unit was defined based
on the current market demand of PET (see Section 2.1).
However, the PET market varies considerably in different
regions. For example, in Asia, over 80% of the PET
polymer was used to produce fibre in 2005 (Glenz 2007). In
this scenario, we intend to understand how the change of
PET demand can influence the environmental impact of the
recycling system. We now change the reference system,
assuming the inversed case where the demand of fibre is
less than PET bottle, i.e. the functional unit is defined as
650 kg of PET bottle and 350 kg of PET fibre. The results
of NREU and global warming are shown in Fig. 6.
In this scenario, the recycling system reduces NREU and
global warming by approximately 30% compared to the
reference system. The impact reductions of the recycling
system in this scenario are larger than those of the baseline
recycling case and also larger compared to all scenarios
discussed above. The reason is that the quantities of R-PET
are larger than those of the systems discussed above, i.e.,
400 kg (or 40%, see Table 4) as compared to 249 kg (or 25%)
in the baseline recycling system and a maximum of 333 kg (or
33%) in Scenario 2 (see Table 3 when b=0%). More R-PET
leads to less V-PET required in the system, which substan-
tially reduces the impact (see Fig. 6). In the recycling system,
no V-PET is required for fibre-making, i.e., the 350 kg of fibre
is 100% produced from R-PET. Figure 6 also shows that the
savings from the V-PET bottles are not significant. Only 7%
of the V-PET bottle is saved by recycling. And 1/7th of the
total V-PET are used for the bottle make-up purpose.
It should be noted that this scenario implies that virgin
fibre production is not needed anymore when B2B
recycling is not more than 17% (i.e. b≤17%). In reality,
while recycled PET fibre can partly replace virgin PET
fibre, 100% substitution is rather unlikely. The functional
equivalence of V-PET and R-PET bottles and fibres has
been discussed in Section 2.1.
Furthermore, it should be emphasised that the reference
system in this Scenario is not comparable with the reference
system in the baseline recycling case because the functional
units differ. Both reference systems have the same amount
of impacts (compare Fig. 4 with Fig. 3) only because the
fibre extrusion and bottle blow-moulding steps are can-
celled out in the consequential LCA modelling. If fibre
extrusion and bottle blow-moulding processes were includ-
ed, the reference system in Scenario 3 would result in a
Fig. 4 Cradle-to-grave NREU and global warming of multiple-
recycling-trip systems in Scenario 1
Fig. 3 Cradle-to-grave NREU (left) and global warming (right) of the baseline recycling system and the reference system
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higher impact than the reference system in the baseline
recycling case because bottle-making is more energy
intensive than fibre-making.8 The comparison between the
baseline recycling case and this scenario should be strictly
about the consequence of recycling: impact reduction.
In Scenario 2, we found that the overall environmental
impact of the recycling system is sensitive to the share of
R-PET pellet used for B2B recycling (b) (see Fig. 5). In
Scenario 3, the overall environmental impact is also
sensitive to the value of b, but in a different way. Figure 7
shows that with one recycling trip (i.e. n=1), both NREU
and global warming reach the lowest point when b is 17%.
The breakdown of mass balance (see Table 4) indicates that
when b is 17%, no make-up V-PET is required.9 The
amount of R-PET produced in the recycling system is
maximised (42%). As a result, the impact of the recycling
system is minimised. When b is less than 17%, V-PET is
needed to make up the demand of bottles; when b is more
than 17%, V-PET is needed to make up the demand of
fibre. Either way of make-up increases the V-PET require-
ments and reduces the R-PET produced in the system,
which in turn increases the overall impact. If more
recycling trips are assumed (i.e. n>1), similar patterns can
be observed. In Fig. 7 the minimal impact of the recycling
system are observed when b is 26%, 31% and 33% (with n=2,
3 and 4, respectively). These points represent the recycling
systems where no make-up fibre or bottles are needed.
Based on this scenario, we conclude that the impact
reduction of the recycling system is sensitive to the choice
of the reference system. When the reference system
contains more bottles (650 kg) than fibres (350 kg), the
maximal savings of the recycling system can be achieved
when no V-PET is required for make-up purpose, i.e. when
the demand of bottles and fibre can be fulfilled by only
recycling the used bottles. All these optima are character-
ised by a maximum of R-PET in the system.
The environmental benefit of recycling originates from
producing R-PET to replace V-PET in the system. From
this point, we carry the analysis a step further and
calculated the energy/GHG-emission savings10 per tonne
of R-PET produced in the system. The results show a linear
relationship between NREU (or GHG emissions) savings
and the quantities of R-PET in a recycling system. Thus,
impact savings per tonne of R-PET is a constant value,
regardless of the scenarios taken, i.e. recycling every tonne
of R-PET results in a NREU saving of 43.5 GJ and a GHG-
emission saving of 2.4 t CO2 eq./t. This value is determined
by the credit received from saving V-PET, the penalty
received from the recycling process (from bottle collection
to pellet production), the credit and penalty received from
post-consumer MSWI, and the material efficiency of the
recycling process (η). A detailed reasoning on this linear
relationship can be found in the Electronic Supplementary
Material of this paper.
3.5 Scenario 4: renewably sourced PET
Figure 8 shows the comparison of four product systems
including: the reference system, the baseline recycling
system, bio-based PET (single-used system) and recycled
Fig. 5 Scenario 2: Effects of changing the share of recycled PET pellets used for B2B recycling (b) (left NREU, right global warming)
9 In Eqs. 1, 2 and 3, let X=Xr=650 kg and Y=Yr=350 kg (thus, Xm=
Ym=0, i.e. no make-up V-PET is needed). Since η is 95% and 8 is
35%, it can be calculated that b≈17% when n is 1, b≈26% when n=2,
b≈31% when n=3 and b≈33% when n=4.
8 The NREU and GHG emissions of converting amorphous PET into
1 t of fibre are about 13 GJ and 0.7 t CO2 eq. (calculated based on
Brown et al. 1985 and cross-checked with several industrial experts).
The NREU and GHG emissions of converting amorphous PET into 1 t
of PET bottles (SSP + bottle moulding) are 23 GJ and 1.4 t CO2 eq.
(calculated based on Boustead 2005b and c). Therefore, making
bottles is more energy- and GHG-intensive than making fibre.
However, the goal of this study is not to compare PET bottles with
fibre, but to understand the impact of the recycling system. The fact
that making bottles requires more energy than making fibre is not
relevant if the recycling systems are compared with the reference
system.
10 NREU (or GHG-emission) saving is defined as the NREU (or the
GHG emissions) of the reference system minus the NREU (or the
GHG emissions) of the recycling system.
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bio-based PET for the functional unit of 650 kg fibres and
350 kg bottles. The following results can be observed:
– The system “Recycled bio-based PET” has the lowest
impact among all four product systems; it offers at least
35% of the impact reductions (for both NREU and
GHG emissions) compared to the reference system and
at least 20% of impact reductions compared to the
baseline recycling system.
– The product system of (virgin) bio-based PET, i.e.,
without recycling, saves NREU and GHG emissions by
21% and 25%, respectively, compared to the reference
system where petrochemical PET is used (also without
recycling).
– The (virgin) bio-based PET system is comparable to the
recycled, petrochemical PET system (i.e. the baseline
recycling system).
The environmental benefits of bio-based PET and
recycled bio-based PET system originate from the low
impact of the production of bio-based PET. The cradle-to-
factory gate NREU of bio-based PET is 55 GJ/t, which is
17% lower compared to petrochemical PET. The cradle-to-
factory gate global warming of bio-based PET is 1.2 t CO2
eq./t, which is 40% lower compared to petrochemical PET.
In the default case, we assume 50% sugarcane-based
ethanol and 50% maize-based ethanol for bio-based PET
(see Table 2). If only sugarcane-based ethanol or only
maize-based ethanol is used, the overall impact changes by
less than ±8%. Thus the uncertainty of the bio-based
feedstock is small. The overall conclusions on bio-based
PET and recycled bio-based PET do not change.
From the results of Scenarios 1, 2 and 3, we understand
that the impact of the recycling system can be further
reduced by increasing the number of recycling trips
(although four trips or more do not contribute to significant
additional reduction), maximising the quantity of R-PET in
the system, and/or by reversing the functional unit into
650 kg of bottle and 350 kg of fibre. These conclusions are
also valid for the system “recycled bio-based PET”. It can
be calculated that the impact of the system “recycled bio-
based PET” can be further reduced by approximately 50%
if the functional unit is 650 kg of bottles and 350 kg of
fibre, n is four and b is 33% (see Fig. 7).
It should be noted that the eco-profile of petrochemical
PET has been substantially improved over the last 5 years
Fig. 6 Cradle-to-grave NREU (left) and global warming (right), functional unit: 650 kg bottle and 350 kg fibre in Scenario 3, with default b=
12% (b is the share of recycled PET pellets used for B2B recycling)
Table 3 Mass balance for different values of b in Scenario 2 (functional unit: 350 kg of bottles+650 kg of fibre; n=1; b is the share of recycled
PET pellets used for B2B recycling)
(kg per functional unit) Share of bottle waste going to B2B recycling (b) Reference
0% 6% 12% (baseline) 30% 37% 50% 100%
A V-PET (first-life bottle) 350 301 263 193 175 148 94 350
B V-PET (added to R-bottle) 0 32 57 102 114 131 166 0
C V-PET fibre (make up) 318 382 431 522 545 579 650 650
D R-PET (used for r-bottle) 0 17 30 55 61 71 90 0
E R-PET (used for r-fibre) 333 268 219 128 105 71 0 0
F Total PC MSWI with ER 650 700 737 807 825 852 906 1,000
V-PET total (A+B+C) 67% 71% 75% 82% 83% 86% 91% 100%
R-PET total (D+E) 33% 29% 25% 18% 17% 14% 9% 0%
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in Western Europe. The most recently published eco-profile
from PlasticsEurope (Liebich and Giegrich 2010) shows
that the cradle-to-factory gate NREU and GHG emissions
of amorphous PET have been reduced by 17% and 38%,
respectively, compared to the previous eco-profile of PET
(Boustead 2005a). The low impact of virgin PET polymer
leads to the low impact of PET recycling system. As a
result, recycled PET becomes competitive with the virgin
bio-based PET.
4 Sensitivity analysis
Figure 9 shows the sensitivity of three assumed parameters 8
(fraction of R-PET content in a recycled bottle), η (material
efficiency of recycling process), d (the transportation distances
assumed, see Table 2, d ¼ d1 þ d2 ¼ 400þ 400 ¼ 800km)
and ER rate of MSWI to the environmental impact of the
baseline recycling case. Since the results for global warming
are very similar those for NREU, we only present the latter in
this section.
In the LCA, it was assumed that a recycled bottle
contains 35% of R-PET and 65% of V-PET. If we
increase the share of R-PET in the recycled bottle, less
V-PET is required. Consequently, the overall impact of
the recycling system decreases. When is increased
from 35% to 100%, NREU decreases by less than 5%.
Therefore, the sensitivity analysis shows that the impact
reduction is not substantial.
In the LCA, it was assumed that 95% of the used PET can
be converted into recycled PET. This assumption was made
based on the current industrial practice. Since the material
efficiency is a relatively stable parameter in the PET recycling
industry, in the sensitivity analysis we slightly change the
value of η, i.e. between 90% and 97%. A higher material
efficiency leads to a lower environmental impact of the
recycling system. Figure 9 shows that NREU is not sensitive
to the change of η. When η is varied between 90% and 97%,
the change of NREU is less than ±2%.
The third parameter for which the sensitivity was
analysed was the transportation distances (d) in PET
recycling. In the LCA, a total amount of 800 km of
Fig. 7 Effect of changing the share of recycled PET pellets used for B2B recycling (b) in Scenario 3 (left NREU; right global warming)
Table 4 Mass balance for different values of b in Scenario 3 (functional unit: 650 kg bottle+350 kg fibre; n=1, b is the share of recycled PET
pellets used for B2B recycling)
(kg per functional unit) Share of bottle waste goes to B2B recycling (b) Reference
0% 5% 10% 12% (default) 17% (minimal) 50% 100%
A V-PET (first-life bottle) 368 388 409 420 444 276 175 650
B V-PET (added to R-bottle) 0 34 72 90 134 243 309 0
C V-PET fibre (make up) 0 0 0 0 0 219 350 350
D V-PET bottle (make up) 282 210 130 92 0 0 0 0
E R-PET (used for r-bottle) 0 18 39 49 72 131 166 0
F R-PET (used for r-fibre) 350 350 350 350 350 131 0 0
G Total PC MSWI with ER 632 612 591 580 556 724 825 1000
V-PET total (A+B+C+D) 65% 63% 61% 60% 58% 74% 83% 100%
R-PET total (E+F) 35% 37% 39% 40% 42% 26% 17% 0
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φ
transportation distance was assumed, including 400 km for
bottle waste collection and 400 km for flake transportation.
When d is changed between 400 and 1600 km, NREU
changes less than ±1%. Therefore, the overall impact is not
sensitive to the transportation distance.
In the default analysis, we assumed that the average
energy recovery rate of a MSWI plant is 60% (in primary
term, see Table 3). In the sensitivity analysis, we altered the
energy recovery rate from 40% to 80%, representing the
changes of ±33%. The result shows that under a very high
energy recovery rate (80%), the overall NREU decreases by
10%; under a very low energy recovery rate (40%), NREU
increases by 8%. Thus, the impact is not sensitive to the
energy recovery rate of a MSWI.
5 Conclusions
Based on the baseline recycling case, four scenarios were
built to analyse the change-oriented effects. The main
findings of this study are summarised as the following:
1. When comparing the baseline recycling system with the
reference system, the environmental impacts (including
both NREU and global warming) are reduced by
approximately 20% by the baseline recycling system;
the savings mainly originate from the decrease of V-
PET fibre requirements. Multiple-recycling trips can
further reduce the environmental impact of the recy-
cling system by maximally 26% compared to the
reference system. The additional savings become
negligible when n is more than three.
2. Based on the reference system where more fibre
(650 kg) is needed than bottles (350 kg), B2F recycling
can achieve greater impact reductions (in both NREU
and global warming) than B2B recycling; if all R-PET
pellets are used to make fibre, the impact of the
recycling system reduces to the lowest point, charac-
terised by a maximum of R-PET pellets produced by
the system. Increasing the amount of B2B recycling
does not bring additional environmental benefits, when
the market does not require many bottles.
3. Based on Scenario 3, we conclude that the impact
reductions of the recycling system are sensitive to the
choice of the reference system. If more bottles (650 kg)
are needed than fibre (350 kg) in one functional unit,
both NREU and global warming are reduced by
approximately 30% for one recycling trip compared to
the reference system. A further finding is that the
impacts are sensitive to the share of R-PET pellets used
for B2B and B2F recycling. When no extra V-PET is
needed for the make-up purpose, the quantities of
recycled PET in the system are maximised.
4. Based on the first three scenarios, we conclude that all
the optima are characterised by a maximum of R-PET
in the system.
5. In Scenario 4, we analysed the role of bio-based PET.
Compared to the reference system, the single-used, bio-
based PET system reduces NREU and global warming
by 21% and 25%, respectively; it is comparable with
recycled PET system (the baseline recycling system).
The recycling bio-based PET system has the best
Fig. 9 Sensitivity of the fraction of R-PET in a recycled bottle (ϕ),
material efficiency of bottle-to-pellet recycling (η), transportation
distance (d) and energy recovery rate of a MSWI plant in the baseline
case
Fig. 8 Cradle-to-grave NREU (left) and Global warming (right) of bio-based PET and recycled bio-based PET, in comparison with reference
system and the baseline case; functional unit: 350 kg of PET bottle+650 kg of PET fibre
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environmental profile among the four systems studied;
it offers 35% NREU savings and 37% GHG-emission
savings compared to the reference system. Considering
the outcome of Scenario 3 we can conclude that the
savings would be even larger if bio-based PET were
recycled for the purpose of a functional unit of 650 kg
bottles+350 kg fibres.
We consider that the uncertainty of the study is small. Most
data are collected from peer-reviewed publications or
industrial data. Furthermore, the sensitivity analysis shows
that results are not sensitive to key assumptions.
In this study, we analysed the effect of certain changes to the
PET recycling system. It should be noted that for all four
scenarios, we assumed ceteris paribus conditions. For
example, the change of the share of R-PET pellets used for
B2B and B2F recycling does not affect the market demand of
virgin bottle and fibre, and vice versa. However in reality, the
PET material flow is not a static system, but a dynamic one.
Further research is recommended to understand the dynamics
of PET production and consumption. In that case, dynamic
LCA modelling should be applied. It is recommended that
other ways of using PET which may lead to a lower
environmental impact (e.g. re-use of PET bottles) should be
investigated and compared to the recycling approach.
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